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CONCATENATED CODE 



(57) Abstract 

A method of and apparatus for selecting CRC polynomials (or 
CRC generators) for linear coded systems utilizes a concatenated code 
comprising a CRC code and a convolutional code. The CRC generators 
are selected (118) based on the distance spectrums which have been 
computed (106) for all possible CRC generators of a given length L. 
The distance spectrum comprises a listing of the number of paths (or 
code words) at various weights (or Hamming distance). These paths 
represent error information sequences I(x) which have diverged from 
an all-zero transmitted sequence (or the zero state) and merged back 
into the zero state. The paths are checked by the CRC generators. If 
the CRC check passes, indicating that the error information sequence is 
undetected by the CRC check, the weight of this path is calculated and 
the distance spectrum for this CRC generator is updated. Otherwise, if 
the CRC does not check, the path is ignored. The CRC generator with 
the maximum minimum distance dmin is selected (118). 
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A METHOD OF AND APPARATUS FOR SELECTING CYCLIC 
REDUNDANCY CHECK GENERATORS IN A 
CONCATENATED CODE 

5 BACKGROUND OF THE INVENTION 

L Field of the Invention 

The present invention relates to a method of and apparatus for 
10 selecting cydic redundancy check (CRC) generators in a concatenated code. 
The invention may be used for selecting CRC polynomials for linear coded 
systems. 

n. Description of the Related Art 

15 . . 

With tiie advent of digital commimications and the need to transmit 
large amoimts of data through an impaired and bandlimited channel, the 
need for coding of digital data to facilitate correct data reception is of great 
significance. Data transmissions are typically hindered by impairments in 

20 the transmission channel, namely additive noise and spurious signals 
within the transmission bandwidth. The transmit power is limited hy 
practical considerations and the transmitted signal is attenuated by the path 
loss and may be distorted by other phenomena, such as midtipath signal 
propagation, before it reaches the receiver. The design of a digital 

25 communications system entails the determination of Ihe worse case signal 
quality at which the receiver is expected to operate. This signal quality is 
measiu-ed as an energy-per-bit-to-noise ratio (Eb/No) and is determined hy 
the transmitted power, path loss, and noise and interference. The 
minimtun Eb/No which yields tihe desired level of performance is 

30 considered tiie system threshold level. 

At the threshold level, titie probability of eixor (PE) for any digital 
transmission scheme such as binary shift keying (BPSK), quaternary phase 
shift keying (QPSK), offset quatemaiy phase shift keying (OQPSK), or 
quadrature amplitude modulation (QAM) can be calculated. Typically the 

35 PE of the selected transmission scheme is not adequate for ttie application. 
Improvement in tihe PE is achieved by encoding the digital data before 
transmission and decoding the data at the receiver. The coding scheme is 
determined by the requirements of the application and the channel 
characteristic. Coding allows for detection and correction of errors in the 

40 transmitted data at the expense of a lower effective data rate. 
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Two classes of codes, convolutional code and block codes, are utilized 
to improve PE. Convolutional code provides good error correcting 
capability but iypically outputs correlated bursts of error. Also, the Viterbi 
decoder supports the use of soft decisions to improve performance with 
minimal increase in hardware complexity. Block codes can be error 
detecting codes, such as the CRC code, or error detecting and correcting 
codes, such as the Reed-Solomon code. GRC code are utilized in many 
communication system because of the performance provided by the CRC 
code and the simplicity in implementing the decoder. When a single code 
cannot provide the required level of performance, a concatenated code 
comprising two or more codes can be used. An exemplary communication 
which employs a concatenated code comprising a convolutional code and a 
CRC code is a code division multiple access (CDMA) communication system 
as disclosed in U.S. Patent No. 4,901^07, entitled "SPEJEAD SPECTRUM 
15 MULTIPLE ACCESS COMMUNICATION SYSTEM USING SATELLITE OR 
TERRESTRIAL REPEATERS", and U.S. Patent No. 5,103,459, entitled 
"SYSTEM AND METHOD FOR GElSlERATTNG WAVEFORMS IN A CDMA 
CELLULAR TELEPHONE SYSTEM", both assigned to the assignee of the 
present invention and incorporated by reference herein. 
20 A rate 1/N convolutional encoder encodes each input bit into N code 

bits called a code branch according to a set of N generator polynomials. Each 
generator polynomial G(x) computes one code bit. The N code bits are 
combined into an N-bit code branch. The constraint liength K of the encoder 
is the number of data bits used in the encoding process and determines the 
25 error correcting capability of the code. Long constraint length K yields better 
performance at the expense of hardware and computational complexity. A 
state is designated by the K-1 prior input bits and there are 2*^'^ possible 
states. For each of tiie 2^"^ states, a '0' or 'V input bit results in one of two 
possible code branches. Since each input bit is encoded into N code bits, the 
30 code rate for the convolutional encoder is 1/N. Other code rates could be 
obtained from a 1/N code by puncturing the code bits. Pxmctured codes are 
thoroughly treated by J. Cain, G. Qark, and J. Geist in "Ptmctured 
Convolutional Codes of Rate (n-l)/n and Simplified Maximtim Likelihood 
Decoding," IEEE Transaction on Information Theory, IT-25, pgs. 97-100, Jan. 
35 1979. 

Typically, a Viterbi decoder is used to decode the transmitted code 
branches at the receiver. A discussion on the theory and operation of the 
Viterbi decoder is contained in the paper "Convolutional Codes and Their 
Performance in Communication Systems'" by A. Viterbi, tfpf Transaction 
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on Communication Technology, Vol. COM19, no. 5, Oct 1971, pgs. 821-835. 
Under certain assumptions about the channel noise, the Viterbi decoder 
performs the maximum likelihood decoding of the transmitted data path. 
For each received code branch, the branch metric of aU branches entering 
5 each state is computed and added to the corresponding prior path metrics. 
. The best path entering each state is selected and stored as tiie new path 
' metrics. The selected path is stored in a path memory. In "Development of 
Variable Rate Viterbi Decoder and its Performance Characteristics,'' Sixth 
' International Conference on Digital Satellite Communications, Phoenix, 
10 AZ, Sept. 1983, Y. Yasuda et al show that the survivor paths with the lowest 
path metric all converge to the same path after a certain chain back depth. 
Thus, a Viterbi decoded bit is obtained by tradng a path back by at least the 
chain back distance. 

A CRC code is a linear, systematic, and cyclic block code that can 
15 reUably detect a burst of errors of length n-k or less, where k is the input data 
length and n is the output code length. CRC coding is well known in the art 
and a good treatment of the topic is found in a nimiber of references, 
including '"Error Control Coding : Fimdamentals and Applications" by S. Lin 
and D. Costello", Prentice Hall, 1985. The CRC code is determined by the 
20 :CRC polynomial P(x) which is of degree (n-k). For an n-k CRC code, blocks 
of k data s5anbols are encoded into blocks of n code s3^bols called a code 
word. 

In a systematic block code, the k data symbols form the first k code 
symbols of the code word. The n-k parity symbols are formed by a linear 

25 combination of the k data symbols according to the generator polynomial 
P(x). Because of the linear, systematic, and cyclic properties of the CRC code, 
the encoding process is easily achieved with simple shift registers and 
combinatory logic. Similarly, decoding is easily performed at the receiver by 
dividing the received symbols with the generator polynomial. The division 

30 can be achieved with the same simple circuit used to generate the parity 
symbols. If there are no transmission errors, the content of the shift register 
is zero. 

In the exemplary CDMA commimication system, the convolutional 
code and the CRC code are determined by the "TIA/EIA/IS-95 Mobile 
35 Station-Base Station Compatibility Standard for Dual-Mode Wideband 
Spread Spectrum Cellular System", hereiiiafter referred to as the IS-95 
standard. The convolutional code specified by the IS-95 standard is an 
optimal rate 1/2, K=:9 convolutional code for the forward link and a rate 1/3, 
K=9 convolutional code for the reverse link. However, the CRC codes 
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specified by the IS-95 standard is selected with the assmnption that the input 
data is random (e.g. white noise). However, this assumption is not valid for 
a concatenated code, such as that used in the CDMA commimication system, 
and results in a sub-optimal CRC code, 

5 

SUMMARY OF THE INVENTION 

The present invention aims to provide a novel and improved 
10 method for selecting CRC polynomials (or CRC generators) for linear coded 
systems. 

In one aspect the invention provides a method for selecting CRC 
generators in a concatenated code comprising the steps of: computing 
distance spectrums for all CRC generators of a given length; selecting 

15 optimal CRC generators from said distance spectrums. 

In another aspect the invention provides an apparatus for selecting 
CRC generators in a concatenated code, the apparatus comprising: means for 
computing distance spectrums for aU CRC generators of a given length; and 
means for selecting optimal CRC generators from said- distance spectrums. 

20 The invention also provides a linear coded system for selecting cyclic 

redimdancy check (CRC) polynomials utilizing a concatenated code 
comprising a CRC code and a convolutional code, tiie system comprising: 
means for determining distance spectrvuns for aU possible CRC polynomials 
of a given length L which distance spectrums each comprise a listing of the 

25 nimaber of paths at various weights representing error information 
sequences which have diverged from an all-zero transmitted sequence and 
merged back into a zero state; and means for selecting CRC polynomials 
based on the determined distance spectrums by checking the CRC 
polynomials, whereby if the CRC check passes, the weight of this path is 

30 calculated and the distance spectrum for the passed CRC polynomi^ is 
updated, if the CRC check does not pass, the path is ignored, and the CRC 
polynomial with the greatest minimum distance is selected. 

In an exemplary embodiment to be described herein below, the system 
utilizes a concatenated code comprising a CRC code and a convolutional 

35 code. The CRC generators are selected based on the distance spectrums 
which have been computed for all CRC generators of a given length L. Each 
distance spectnrai comprises a listing of the nimiber of patiis (or code words) 
at various weights (or Hamming distances). The weights determines the 
error detection and correction capability of the code. In the exemplary 



BNSDOCID: <WO. 



.9910984A1J_> 



wo 99/10984 



5 



PCTAJS98/17526 



embodiment, only paths with weight of greater than or equal to the free 
distance df^^ of the convolutional code and less than twice dfj-gg are 
considered. Paths with weight of greater than twice dfj-ee are ignored to 
minimize complexity and becaiise they have negligible impact in the 
performance of the code. 

The present invention aims to minimize the probability of 
undetected error in a concatenated code comprising a CRC code and a 
convolutional code. In the exemplary embodiment the distance spectrum 
comprises the number of paths at various weights. These paths represent 
error information sequences I(x) which have diverged from a transmitted 
all-zero sequence (or the zero state) and merged back into the zero state. A 
systematic method of generating the information sequences I(x) and the 
computation of the weight of the code word corresponding to the 
information sequence I(x) are described in a reference paper stated below. In 
the present invention, the iiiformation sequences I(x) which have merged 
back into the zero state are checked by the CRC generators. For each CRC 
generator, if the CRC check passes, indicating that the error information 
sequence is undetected by the CRC check, the weight of this path is calculated 
and the distance spectrum for this CRC generator is updated by 
incrementing the number of paths at this weight. Otherwise, if the CRC 
•*does not check, this error information sequence is ignored since the CRC 
check is able to the detect the error. In the exemplary embodiment, the CRC 
• generators which have the highest minimum . distaiice are selected. If 
more than one CRC generators have the same highest d^^, the CRC 
generators with the least number of paths at the highest dj^ is selected. 

The present invention also aims to minimize the complexity of the 
CRC code selection process. In the exemplary embodiment, paths with 
weight greater than twice df^ee are not considered since they have negligible 
impact in the performance of the code. By limiting the range of weights to 
be considered, the trellis of the information sequences I(x) can be pruned to 
minimize complexity. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The features, objects, and advantages of the present invention will 
become more apparent from the detailed description of an embodiment of 
the invention set forth below in conjunction with the drawings in which 
like reference characters identify correspondingly throughout and wherein: 
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FIG. 1 is a block diagram of an exemplary linear coded system 
embodying the present invention; 

FIG. 2 is a block diagram of a exemplary convolutional encoder; 
FIG. 3 is an exemplary tree diagram of the information sequences I(x) 
used to compute the distance spectnmis; 

FIG. 4 is an exemplary flow diagram of the CRC generator selection 
process; and 

FIG- 5 is an exemplary flow diagram of the best CRC generator 
selection process. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The present invention is embodied in a method for selecting CRC 
15 polynomials (or CRC generators) for a concatenated code comprising a CRC 
code and an additional code. In the exemplary embodiment, the 
concatenated code comprises a CRC code and a convolutional code. In the 
prior art, such as the IS-95 standard, the CRC generator is selected with the 
assimiption that the decoded data is random when the CRC check should 
20 detect an error. However, for concatenated codes, this is not a valid 
assimiption since the data is also encoded with a convolutional code which 
has a known structure. Optimal CRC generators provide high performance 
while minimizing the probability of imdetected decoding errors. As used in 
this specification, optimal CRC generators denote the selected CRC 
25 generators based on the criterias used in the CRC generator selection process. 

A block diagram of the exemplary commtmication system which 
utilizes a concatenated code is shown in FIG. 1. The information sequence 
I(x) is provided to CRC encoder 10 which block encodes the information 
sequence with the CRC generator P(x). The information sequence, tiie CRC 
30 parity bits, and zero or more code tail bits are provided to convolutional 
encoder 12 which encodes the bits witih the generator G(x). The code 
S5anbols from convolutional encoder 12 are provided to modulator and 
transmitter (MOD AND TMTR) 14 which processes the symbols for 
transmission through antenna 16. At the receiver, the signal is received by 
35 antenna 20 and routed to receiver and demodulator (RCVR AND DEMOD) 
22 which processes the received signal to provide demodulated symbols- 
The demodulated S5nnbols are provided to Viterbi decoder 24 which decodes 
the symbols and provides the decoded data to CRC check element 26. CRC 
check element 26 performs the CRC check and provides the checked data. 



5 
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CRC check element 26 also provides the CRC bit which indicates whether 
the CRC check passed or failed. 

Optimal CRC generators P(x) of a given length L can be determined 
for a given concatenated code by computing the distance spectnams for all 
5 CRC generators. A distance spectrum comprises a listing of the number of 
^ paiiis (or code words) at various weights (or Hamming distances). The 
Hamming distance is a measure of the difference between two paths and 
• . detemiines the error detection and correction capabilities of the code. In the 
exemplary embodiment, the distance spectrum tabulates the nimiber of 
10 paths having weights greater than or equal to the free distance dfj.ee of the 
convolutional code and less than twice df^ee- Paths with weights greater 
than twice dfj.ee ^xe ignored because they have negligible impact in the 
performance of the code. Limitation on the range of weights to be 
considered prunes the trellis during the computation of the distance 
15 spectnmi, thereby minimizing the complexity CRC generator selection 
process. 

In the exemplary embodiment, the transmission system can be 
assumed to be transmitting an all-zero sequencej hereinafter referred to as 
the all zero path. Duriiig transmission, an error in transmission can occur 

20 which causes the received sequence to diverge from the zero state. 
Eventually, the error terminates and ttie received sequence merges back to 
the zero state. In the present invention, error sequences which can be 
detected by the CRC code are not tabulated because a frame erasure can be 
indicated or a request for retransmission can be sent for the frame 

25 corresponding to the sequence received in error. However, error sequences 
which are undetected by the CRC code (e.g. the CRC code indicates the error 
sequence as valid when, in fact, an error has occurred) can cause degradation 
in tiie performance of the system. 

Since both the CRC code and the convolutional code are linear, by the 

30 associative property of multiplying matrices for the code generation, the 
concatenated code is also linear. Common evaluation criterias for linear 
codes are the free distance dfj^e (or minimtim distance dj^ia) of the code and 
the distance spectrum of the code. Since the concatenated code is also linear, 
^min can be determined by calculating the minimum weigjit of the non-zero 

35 code words. For a linear code, the weights for the paths can be determined 
by comparing the pattis with the all zero path. For convolutional codes, the 
all-zero padi comprises all-zero code branches. Therefore, the weight of the 
non-zero paths can be computed by summing Hie weight of all code bits 
along the path. As used in this specification, df^ee ^ minimimi distance 
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of the convolutional code only and d^^in is the minimum distance of the 
concatenated code or the errors that the CRC check will not detect. 

In the exemplary embodiment, only paths having one error event are 
considered. Paths with two or more error events are not considered since 
5 they greatly increase the complexity of the search while having minimal 
influence on the outcome of the CRC generator selection process. The non- 
zero paths are error information sequences I(x) which diverge from the zero 
state and subsequently merge with the zero state. If the path has merged 
with the zero state, a CRC check is performed. If the CRC check passes, 

10 indicating that this error information sequence is imdetected by the CRC 
generator, the weight of this path is computed and the distance spectrum for 
this CRC generator is updated correspondingly. Otherwise, if the CRC check 
fails, this path is ignored in the distance spectrum computation. Methods 
for computing the weight of a path are well known in the art. One such 

15 method is described in the reference entitled 'TJse of a Sequential Decoder to 
Analyze Convolutional Code Structure", by G. David Forney Jr., I KRR 
Transaction on Information Theory, vol. IT-16, pgs. 793-795, Nov. 1970, 
hereinafter the Forney reference. 

A block diagram of an exemplary convolutional encoder 12 is shown 

20 in FIG- 2. Convolutional encoder 12 is a constraint length K=3, rate 1/2 
encoder as for eveiy data input bit there are two coded output bits sampled at 
nodes 44a and 44b. Convolutional encoder 12 is defined by the polynomial 
generators Gi(x) = 1 + X -f and G2(x) = 1 + The state of the encoder is 
defined by the binary contents of memory elements (D) 40a and 40b. A zero 

25 state means tihat the contents of memory elements 4Da and 40b are zero. The 
next state of the encoder is obtained by shifting the data input bit into 
memory element 40a and shifting the previous contents of memory 
element 40a into memory element 40b. The coded outputs are calculated hy 
the XOR functions which are implemented with adders 42 in FIG 2. 

30 In the exemplary embodiment, distance spectrums are computed for 

all CRC generators of a given length using all information sequences I(x). A 
method for systematic generation of the information sequences I(x) is 
described in detail in the Forney reference. I(x) can be represented by a trellis 
tree diagram as shown in HG. 3. This tree corresponds to the exemplary 

35 convolutional encoder 12 of FIG. 2. The first information bit in I(x) is 
assumed to be a one, since only paths that diverge from the zero state are 
considered. The second information bit can be a zero or a one. For each bit 
hypothesis (e.g. "0" and the code bits are computed and the next state is 
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determined. In FIG. 3, the hypothesis are shown by the dashed lines and 
Hxe "1" hjTpothesis are shown by the solid lines. The states are at the nodes. 
In the middle of the lines the code bits are shown that correspond to the 
information bit (hypottiesis) and state. For each of the two hypothesis for 
5 the second information bit, the third information bit can be one of two 
. hypothesis ("0'" and "1"). Again, the code bits are computed for each 
^ hypothesis and the next state determined. The cimiulative weight of each 
path can be computied by summing the non zero code bits along the path. In 
FIG. 3, the weights of die paths are computed and shown by the values 

10 enclosed by parenthesis. As can be seen in FIG. 3, the tree grows 
exponentially with each additional information bit. In the exemplary 
embodiment, the tree is pruned such that paths which have weight of 
greater than twice df^ee are eliminated from further consideration. This 
pruning simplifies the complexity of the trellis and thus the CRC generator 

15 selection process. When the tree node ends in the all zero state, an error 
sequence I(x) has been foimd and the tree is not proceeded from this node. 
In FIG. 3, it can be seen that path 60 starts in the all zero state and ends in the 
all zero state. Path 60 has a distance of 5 from the all zero sequence and is 
also termed as having a weight of 5. 

20 ^. In the exemplary embodiment, the distance spectrums of all CRC 

generators for a given lengtii L are computed and stored in a distance 
spectrum table. The number of CRC generators is determined by the length 
of the CRC code. Specifically, for a CRC code of length L, 2^^ CRC generators 
are considered. The first bit and the last bit of the CRC generators are alwa5rs 

25 "1". A table listing all candidates for CRC generators for an exemplary 4-bit 
CRC code is shown in Table 1. 



Table 1 - Possible 4-bit CRC Generators 



CRC P(x) 
(binary) 


CRC P(x) 
(octal) 


10001 


21 


10011 


23 


10101 


25 


10111 


27 


11001 


31 


11011 


33 


11101 


35 
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30 



35 



11111 



37 



In the exemplary embodiment of the CRC generator selection process, 
the distance spectrums for all CRC generators of a given length L are 
computed using information sequences I(x) and stored in a distance 
spectrum table. In the exemplary embodiment, two loops are utilized to 
compute the distance spectrums. The first loop cycles through the 
information sequences I(x,). The second loop resides within the first loop 
and cydes through aU CRC generators P(x). For each information sequence 
Ij(x), a determination is made whether the sequence has merged back into 
the zero state. If the sequence has merged back into the zero state, this 
sequence is checked by all CRC generators in the second loop. For each CRC 
generator Pi(x), if the sequence passes the CRC check, the weight of this 
sequence is computed and the entry in the distance spectrum table for that 
CRC generator and that weight is updated. 
15 For convolutional codes, the zero state is defined by the K-l bits in the 

shift register, where K is the constraint length of the convolutional encoder. 
When the encoder is in the zero state, a zero information bit input to the 
encoder results in the next state being the zero state and the output code bits 
being zero. The information sequence I(x) comprises a sequence of bits, 
20 wherein the first bit in the sequence is a "1" because only paths which 
diverged from the zero state are considered. As additional bits are generated, 
the encoder proceeds through a series of states. An I(x) sequence is fotmd 
when the zero state is reached for the first time. 

The information sequences I(x) can be of various lengths. For CRC 
25 generators P(x) which are represented by odd numbers, P(x) divides I(x) if 
and only if P(x) divides x'^ICx) for all n=0, 1, 2, and so on. Thus, by checking if 
P(x) divides I(x) with no remainder (e.g. CRC check passes), the sequences 
with only one error event can be considered without taking into account the 
block size of the CRC code. Viewed another way, the information sequence 
I(x) being checked is filled witii n zeros such that the sequence fills a frame 
regardless of the frame size. 

A good choice for the CRC generators are the ones that result in the 
maximum minimum distance for a given CRC length and 

convolutional code. The minimum distance and distance spectrum are 
determinative of the performance of the code. In the exemplary 
embodiment, the criteria used to select the optimal CRC generators is the 
distance spectrum of the concatenated code. CRC generators which have the 
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highest djjun are selected as the optimal CRC generators. In case of a tie (e.g. 
two or more CRC generators having the highest dj^, the CRC generator 
with the minimum number of paths at the highest is selected. Again, if 
there is a tie, the next highest weight is considered. The process is repeated 
5 until one CRC generator is selected or all weights in the distance spectrum 
J, table are considered. Other ciiterias, such as selecting the lowest probability 
^ of error which can be computed from the distance spectrum, can be xased and 
, are witiiin the scope of the , present invention. 

In the alternative embodiment of the CRC generator selection process, 
10 the distance spertrum for each CRC generator is computed and compared 
against the best distance spectnmi. Initially, the best distance spectrum is 
initialized to a bad state (e.g. by setting the lowest weight in tite distance 
spectmm with a high ntxmber of paths). If the distance spectrum of the 
current CRC generator is better than the best distance spectrum, the best 
15 distance spectrum is updated with the distance spectnmi for t±iis CRC 
generator, and tiie CRC generator is noted. The process is repeated vmtil the 
distance spectrvim for all CRC generators have be generated and compared. 
The . various embodiments to select CRC generators utilizing the concept 
described herein are within the scope of the present invention. 

20 

L Selecting Optimal CRC Codes 

An exemplary flow diagram of the CRC generator selection process of 
the present invention is illustrated in FIG. 4. The selection process starts at 

25 block 102. In the first step, at block 104, the distance spectrtun table which is 
used to store the computed distance spectrums for all CRC generators is 
initialized with zeros. At block 106, the new information sequence lj{x) is 
selected in accordance with the method described in the aforementioned 
Forney reference. The weight dj of the code word corresponding to Ij(x) is 

30 calculated by summing the code bits along the path, as described before. At 
block 108, the first CRC generator Pi(x) is selected. A check is then made to 
determine whether Pi(x) divides Ij(x), at block 110. This can be performed hy 
checking the remainder of the divide operation. If Pi(x) does not divide Ij(x), 
the process proceeds to block 114. If Pi(x) does divide :^(x), the entry in the 

35 distance spectrum table for the CRC generator PjCx) and the weight d^ is 
updated by incrementing the value stored in that entry, at block 112. At 
block 114, a determination is made whether all CRC generators P(x) have 
been considered. If not, the process returns to block 108 and the next CRC 
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generator Pi(x) is selected. Otherwise, if all CRC generators P(x) have been 

considered, the process proceeds to block 116. 

At block 116, a determination is made whether all paths having a 

weight of less than twice dfree have been checked. If the answer is no, the 
5 process retiims to block 106 and a new information sequence Ij(x) is 

calculated. Otherwise, if all paths with weight of less than twice d^^ have 

been checked, the process continues to block 118 where the best CRC 

generators P(x) in the distance spectrum table is selected. The process then 

terminates at block 120. 
10 The selection of which best CRC generators P(x) can be made with 

reference to a set of criterias. In the exemplary embodiment, the criteria 

utilized attempts to maximize tibie minimum distance of the concatenated 

code and to minimize the number of paths (or code words) at each distance. 

This criteria is easy to apply and provides good result since the performance 
15 of the CRC code is largely determined by the minimum distance. However, 

other criterias, such as the probability of error, can be considered and are 

within the scope of the present invention. 

An exemplary flow diagram of the best CRC generator selection 

process (block 118 in FIG. 4) is illustrated in FIG. 5. The selection process 
20 starts at block 202. At block 204, the process selects the smallest weight dj in 

the distance spectnmi table. In the exemplary embodiment, for a rate 1/2, 
K=9 convolutional encoder v^th a df^ee of 12, the smallest weight is 0-11 (see 

Table 2). In the first loop, the process determines the minimum nxmiber of 
pa&s Njnin at weight Before entering ttie first loop, the minimum 

25 nimiber of path Njj^ is initialized to Nmax^ a high value, at block 206. At 
block 208, the first step within the first loop, a CRC generator P^Cx) in the 
distance spectrum table is selected. Next, -die number of paths N^ for this 
CRC generator Pi(x) at weigjit dj is determined, at block 210. This number of 
path Ni^j is compared against the minimum number of paths for all CRC 

30 generators P(x) at this weigjit, at block 212. If the nimiber of patii j for this 
CRC generator Pi(x) is not less than N^^, title process proceeds to block 216. 
Otherwise, if the number of path for this CRC generator Pi(x) is less than 
Nmin/ Ni j is set as the new Njj^, at block 214. At block 216, a determination 
is made whether all CRC generators P(x) in the distance spectrum table have 

35 been considered. If one or more CRC generators have not been considered, 
the process returns to block 208 and the next CRC generator Pi(x) is 

considered. Otherwise, the process proceeds to block 218 which is the start of 
the second loop. 
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The second loop removes sub-optimal CRC generators in the distance 
spectrum table from consideration. At block 220, the first step within the 
second loop, a CRC generator Pi(x) in the distance spectrum table is selected. 
Next, the number of paths Nj^ for this CRC generator Pi(x) at weight d: is 
determined, at block 222. This number of path Ny is compared against the 
. minimimi number of paths which has been ascertained from the first 

.V loop, at block 224. If the number of path for this CRC generator Pi(x) is 
. not greater than N^^, the process proceeds to block 228. Otherwise, if the 
number of path for this CRC generator Pi(x) is greater than N^, 
denoting that this CRC generator Pi(x) has more paths at this weight dj than 
the optimal CRC generator, this CRC generator Pi(x) is removed from the 
distance spectrum table, at block 226. At block 228, a determination is made 
whether aH CRC generators P(x) in the distance spectrum table have been 
considered. 

In the second loop, only CRC generators which have not been 
eliminated from the distance spectrum table need to be considered. The 
CRC generators which have been removed from the distance spectrum table 
from previous passes through the second loop can be ignored, since they are 
sub-optimaL If one or more CRC generators have not been considered, the 
^process rehims to block 220 and the next CRC generator is considered. 
• Otherwise, ttie process proceeds to block 230. 

Block 118 determines the optimal CRC generator for a given CRC 
length and convolutional code. In some instances, two or more CRC 
generators are optimal, becatase they have identical distance spectnrms. 
Block 118 terminates when only one CRC generator Pi(x) remains in the 
distance spectrum table or when all weights in the distance spectrum table 
have been considered. 

At block 230, a determination is made whether more than one CRC 
generators P(x) are remaining in the distance spectrum table. If only one 
CRC generator is remaining in the distance spectrum table, the process 
proceeds to block 234. Otherwise, a determination is made whether all 
weights d in the distance spectnmi table have been considered, at block 232. 
If all weights have not been considered, the process returns to block 204 and 
the next wei^t is considered. Otherwise, the process proceeds to block 234 
where the remaining CRC generators P(x) in the distance spectrum table are 
considered optimal CRC generators for this CRC length and convolutional 
code. The process terminates at block 236. 
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n. Exemplary CRC Code Selection 

An exemplary distance spectnxm table for a 4-bit CRC generator in 
combination vnih a rate 1/2, K=9 convolutional code which is defined by the 
5 generators Go=753 (octal) and Gi=561 (octal) are illustrated in Table Z The 
eight possible CRC generators are those listed in Table 1. For each CRC 
generator, the distance spectrum is computed. The CRC generator P(x)=21 
(octal) is the optimal CRC generator because it has the minimum number of 
paths (1) at the highest minimum distance of 14. Other CRC generators 

10 (P(x)=25, P(x)=33, P(x)=35, and P(x)=37) also have d^ of 14 but these CRC 
generators have higher nimiber of paths at =14 

The distance spectrums for the optimal CRC generators of various 
lengths in a concatenated code comprising a R=l/2, K=9 convolutional code 
which is defined by the generators Go=753 (octal) and Gi=561 (octal) is 

15 illustrated in Table 3. The distance spectrum for the convolutional encoder, 
without the CRC code, is shown in the second column in Table 3 for 
comparison. Notice that as the code length increases, the free distance df^ee 
also increases and the performance is improved. 

20 
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Table 2 - Distance Spectrum Table for 4-bit CRC Generators 
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(Hammmg 
distance) 


no 
CRC 


CRC 
P(x)= 
21 


CRC 
P(x)= 

23 


CRC 
P(x)= 

25 


CRC 
P(x)= 
27 


CRC 
P(x)= 
31 


CRC 
P(x)= 
33 


CRC 
P(x)= 
35 


CRC 
P(x)= 
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•0-11 
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12 


11 
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13 
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1 


2 
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17 
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17 
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110 
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19 


0 


0 


0 


0 


0 


0 


0 


0 


0 


20 
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21 


0 


0 


0 


0 


0 


0 


0 


0 
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22 
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no 
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CRC 
P(x)= 
5 
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17 
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11 


1 
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0 


0 


0 


0 


0 


0 


13 
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0 
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0 
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53 


30 


10 


2 


0 


19 


0 


0 


0 


0 


0 


0 


0 


0 


0 


20 
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99 


46 


6 


21 


0 


0 


0 


0 


0 


0 


0 


0 


0 
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859 
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The improvement provided by the present invention can be 
iUustrated by way of an example. In accordance with IS-95 standard, the 6-bit 
CRC used for one-eighth rate is P(x)=107 (octal). This CRC generator in 
conjunction with the R=l/2, K=9 convolutional encoder produce a CRC- 
convolutional concatenated code with a minimum distance dnun=14. 
Referring to Table 3, the 6-bit CRC generator which produces the highest free 
distance is P(x) = 125 (octal). The concatenated code with this CRC generator 
and the same R=l/2, K=9 convolutional code produce a d„^=16. Thus, the 
minimum distance of the concatenated code using the CRC code selected ty 
the present invention is two higher than the CRC generator specified hv 
IS-95. 

UL Computing Distance Spectrum 

For each CRC generator Pi(x), the distance spectrum can be computed 
by calculating the Hamming distance (or the weight) of the code word 
corresponding to the information sequmce. As stated above, a concatenated 
code comprising two linear codes are also linear. For the all-zero sequence, 
using the nominal CRC implementation wherein the registers are 
initialized with zeros, the CRC parity bits are also zero. Thvis, the 
concatenated code word for the all-zero information steam is also zero. 
Therefore, in order to find d^^, it is sufficient to calculate the weight of the 
non-zero code words. 

In the present invention, only single error event of the convolutional 
code (e.g. only paths that diverge and merge once with the all-zero sequence) 
is considered. Paths with a distance of twice d^ee are ignored without loss in 
accuracy because of the low contribution to the perfonnance of the CRC code 
from these code words. First, consider an information sequence, denoted as 
I(x), that starts with a "1" (e.g. diverges from the zero state) and after several 
information bits merges to the zero state. M the exemplary embodiment, 
only CRC polynomials, denoted as P(x), that are represented by odd numbers' 
are considered. In this case, P(x) divides by I(x) if and only if P(x) divides by 
x\x) for all n=0, 1, 2,... . Thus, if all paths I(x) that divide by P(x) with no 
remainder are searched, the partial distant spectrum (considering only one 
error even) of the concatenated code can be calculated without regard of the 
length of the data sequence (e.g. the CRC block or frame size). 

The present invention has been described in the context of a rate 1/2, 
K=9 convolutional code specified by IS-95 standard for the forward link. The 
present invention can also be appKed to the rate 1/3, K=9 convolutional 
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code specified by the IS-95 standard for the reverse link. In fact, the present 
invention can be applied to any convolutional code. 

Although the present invention has been described in the context of a 
concatenated code comprising a CRC code and a convolutional code, the 
5 present invention can be applied to otitier concatenated codes. Some 
.exemplary concatenated codes include a convolutional code and a Reed- 
Solomon code, a convolutional code and another convolutional code, and a 
CRC code, a convolutional code, and a Reed-Solomon code. The application 
of the present invention to various concatenated codes are witiiin the scope 

10 of the present invention. 

The previous description of the preferred embodiments is provided to 
enable any person skilled in the art to make or use the present invention. 
The various modifications to these embodiments will be readily apparent to 
those skilled in the art, and the generic principles defined herein may be 

15 appUed to other embodiments without the use of the inventive faculty. 
Thus, the present invention is not intended to be limited to the 
embodiments shown herein but is to be accorded the widest scope consistent 
with the principles and novel features disclosed herein. 

20 

WE CLAIM: 
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CLAIMS 

1. A method for selecting CRC generators in a concatenated code 
2 comprising ihe steps of : 

computing distance spectrums for all CRC generators of a given 
4 length; 

selecting optimal CRC generators from said distance spectrums. 

2. The method of claim 1 wherein said computing step comprises 
2 the steps of : 

determining an information sequence; 
4 determining whettier said information sequence has merged back to a 

— zero state; • 

6 checking said information sequence against all CRC generators if said 

information sequence has merged back to said zero state; 
8 calculating a weight of said information sequence if said information 

sequence passes said checking step; and 
10 updating said distance spectrum of each CRC generator for which said 

information sequence passes said checking step. 

3. The method of claim 2 wherein said computing step further 
2 comprises the step of : 

eliminating information sequences which have weigjits exceeding 
4 twice a free distance of said concatmated code. 

4. The method of claim 2 wherein said checking step comprises 
2 the step of : 

determining whether said CRC generators divide said information 
4 sequence. 

5. The method of claim 1 wherein said selecting step comprises 
2 the steps of : 

determining minimum distances of said CRC generators from said 
4 distance spectrums; and 

selecting CRC generators which have a highest rninimrim distance. 

6. The method of claim 5 further comprising the steps of : 

2 determining noimber of paths for CRC generators having identical 

highest minimum distance; and 
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4 selecting CRC generators which have a lowest number of paths. 

7. The method of claim 6 further comprising the steps of : 

2 selecting CRC generators based on a next highest weight in said 

distance spectrums if said highest minimum distance and nimiber of paths 
4 are identical for two or more CRC generators. 

8. The method of claim 7 wherein said selecting CRC generators 
2 based on said next highest weight step comprises the steps of : 

determining said next highest weight in said distance spectrums; 
4 determining number of paths for said two or more CRC generators at 

said next highest minimum distance; and 
6 selecting CRC generators which have a lowest number of paths at said 

next highest minimum distance, 

9. The method of claim 8 further comprising the step of : 

2 repeating said selecting CRC generators based on said next highest 

weight step until only one CRC generator is selected or aU weights in said 
4 . distance spectrums are considered. 

10. The metikod of claim 1 wherein said concatenated code 
2 comprises a CRC code and a convolutional code. 

11. The method of claim 10 wherein said convolutional code is a 
2 rate 1/2, K=9 convolutional code. 

12. The mettiod of claim 10 wherein said convolutional code is a 
2 rate 1/3, K=9 convolutional code. 

13. The method of claim 10 wherein said convolutional code 
2 conforms to IS-95 standard. 

14- The metiiod of claim 10 wherein said given length of said CRC 
2 generators is greater than one. 

15. The method of claim 1 wherein said concatenated code 
2 comprises a CRC code and a linear code. 



BNSDOCID: <WO 9910984A1_L> 



wo 99/10984 PCT/US98/17526 



16. An apparatus for selecting CRC generators in a concatenated 
2 code, the apparatus comprising: 

means for computing distance spectrums for all CRC generators of a 
4 given length; and 

means for selecting optimal CRC generators from said distance 
6 spectrums. 

17. A linear coded system for selecting cyclic redundancy check 
2 (CRC) polynomials utilizing a concatenated code comprising a CRC code and 

a convolutional code, the system comprising: 
4 means for determining distance spectrums for all possible CRC 

polynomials of a given length L which distance spectrums each comprise a 
6 listing of the number of paths at various v^eigjits representing error 
information sequences v^hich have diverged from an all-zero transmitted 
8 sequence and merged back into a zero state; and 

mearis for selecting CRC polynomials based on the determined 
10 distance spectrums by checking tiie CRC polynomials, whereby 

if the CRC check passes, the weight of this path is calculated and the 
12 distance spectrum for the passed CRC pol5momial is updated, if the CRC 
check does not pass, the path is ignored, and the CRC pol3momial with the 
14 greatest minimum distance is selected* 

16 
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